ABSTRACT The release of GDP from GTPases signals the initiation of a GTPase cycle, where the association of GTP triggers conformational changes promoting binding of downstream effector molecules. Studies have implicated the nucleotide-binding G5 loop to be involved in the GDP release mechanism. For example, biophysical studies on both the eukaryotic Ga proteins and the GTPase domain (NFeoB) of prokaryotic FeoB proteins have revealed conformational changes in the G5 loop that accompany nucleotide binding and release. However, it is unclear whether this conformational change in the G5 loop is a prerequisite for GDP release, or, alternatively, the movement is a consequence of release. To gain additional insight into the sequence of events leading to GDP release, we have created a chimeric protein comprised of Escherichia coli NFeoB and the G5 loop from the human Gia1 protein. The protein chimera retains GTPase activity at a similar level to wild-type NFeoB, and structural analyses of the nucleotide-free and GDP-bound proteins show that the G5 loop adopts conformations analogous to that of the human nucleotide-bound Gia1 protein in both states. Interestingly, isothermal titration calorimetry and stopped-flow kinetic analyses reveal uncoupled nucleotide affinity and release rates, supporting a model where G5 loop movement promotes nucleotide release.
The hydrolysis of guanosine triphosphate (GTP) by GTPases, such as the oncoprotein p21 Ras and heterotrimeric Ga proteins, is a critical regulatory activity for cell growth and proliferation (1) . Aberrant GTPases are consequently often implicated in tumorigenesis, developmental disorders, and metabolic diseases (2) . Critical for the initiation of a GTPase cycle is the release of guanosine diphosphate (GDP), which allows GTP to bind and switch the protein from an inactive to an active conformation. The GTP is subsequently hydrolyzed to GDP and inorganic phosphate, returning the GTPase to an inactive conformation (3) .
Given that the release of GDP is the fundamental step in the initiation of a GTPase cycle, the detailed mechanism by which it is released has been under intense scrutiny. Studies using double electron-electron resonance, deuterium-exchange, Rosetta energy analysis, and electron paramagnetic resonance, have shown that the mechanism involves conformational changes in the nucleotide-coordinating G5 loop, one of five nucleotide recognition motifs (4) (5) (6) (7) (8) (9) (10) (11) . Structural studies of eukaryotic Ga proteins and the intracellular TEES-type GTPase domain of the prokaryotic iron transporter FeoB (NFeoB) have also illustrated distinct conformations of the G5 loop, depending on the nucleotide-bound state (9, 12) .
Recently, we reported mutational studies of the G5 loop of Escherichia coli NFeoB, which illustrated a correlation between the sequence composition of the loop and the intrinsic GDP release rate (13) . However, despite these observations, it is unclear whether the observed conformational changes in the G5 loop are a prerequisite for GDP release, or if the movement is a consequence of GDP release. To address this fundamental question, in this study we have used a combination of protein engineering and biophysical methods.
Initially, to assess the relevance of conformational flexibility in the G5 loop, we aimed to create a protein chimera combining sequence and structural characteristics of both fast and slow GDP-releasing GTPases. We thus engineered a protein chimera using E. coli NFeoB as the scaffold (a protein with fast intrinsic GDP release) and substituted the G5 loop with that of a slow GDP-releasing protein (the human Gia1 protein; Gene ID 2770; Fig. 1 A (5)). GTP hydrolysis assays comparing wild-type (wt) NFeoB (wtNFeoB) and the protein chimera (ChiNFeoB) validated the integrity of the GTPase activities of both proteins (k cat ¼ 0.46 and 0.36 min À1 , respectively). To further assess the ChiNFeoB protein, we determined its crystal structure at 2.2 Å resolution (see Table S1 in the Supporting Material). The ChiNFeoB structure contains two molecules in the asymmetric unit, with molecule A bound to GDP. They are essentially identical to the nucleotide-bound wtNFeoB structure (root-mean-square deviation of 1.2 Å over 226 Ca atoms; Fig. 2) .
However, the ChiNFeoB structure, when compared to the wtNFeoB structure, revealed an alteration in the conformation of the G5 loop, showing an extra turn on the N-terminal end of the a6 helix. This is structurally distinct from the wtFeoB protein, but with a conformation similar to that of the Gia1 protein (PDB:2ZJZ; Fig. 1 , B-F). As in the crystal structures of wtNFeoB and Gia1, ChiNFeoB residues implicated in coordination of the nucleotide base maintain their positions in the G5 loop relative to GDP. In particular, residues Ala* 150 and Thr* 151 (NFeoB numbering, the asterisk indicates Gia1 chimera residue) are involved in electrostatic interactions with the nucleotide base moiety, analogous to the structures of both wtNFeoB and Gia1 (Fig. 1 G) . Serendipitously, the second molecule in the asymmetric unit of ChiNFeoB (molecule B) was present in the nucleotide-free state. The two molecules (GDP-bound and nucleotide-free) are nearly identical (the superposition of molecules A and B yields a root-mean-square deviation of 0.36 Å over 229 Ca atoms), with the G5 loop adopting a nearly indistinguishable conformation compared to that of the GDP-bound molecule A (Fig. 1 F) .
Importantly, this conformation is independent of the crystallographic packing, inasmuch as the loop is not involved in any crystal contacts. In contrast, the structures of nucleotide-bound and nucleotide-free wtNFeoB illustrated a large conformational change in the G5 loop (Fig. 1 B) . Hence, the substitution in the chimera extends the secondary structure of the a6 helix, and as hypothesized, the engineered ChiNFeoB protein has a G5 loop structure that is more conformationally stable than that of wtNFeoB.
We subsequently measured the affinity of the ChiNFeoB protein for GDP using isothermal titration calorimetry (ITC). Nonlinear regression was used to attain the thermodynamic parameters (including the GDP binding affinity,
Interestingly, these measurements revealed the ChiNFeoB protein to have an almost 10-fold reduced affinity for GDP (82 vs. 9 mM measured for the WT protein; Fig. 2 ). In contrast, in a recent alanine scanning mutagenesis study of the G5 loop we observed a fivefold increase in affinity for GDP in a Ser
150
Ala mutant (2 mM) (14) . This mutant protein has a coordination environment for the GDP base analogous to that of the ChiNFeoB protein ( Fig. 1 A) , indicating that it is not the presence of an alanine at position 150 that causes the reduced GDP affinity observed for the chimera protein.
Instead, the analysis by ITC and comparison with previous mutagenesis studies indicates that the GDP binding site is less accessible in the ChiNFeoB protein, likely due to the introduction of conformational rigidity that accompanies the extension of secondary structural elements within the loop (Fig. 1 D) .
To further evaluate the functional characteristics of the chimera protein, we used stopped-flow fluorescence assays to determine the rate of nucleotide dissociation (k off ) and association (k on ) for the ChiNFeoB protein. The association rate for the GTP analog mant-GMPPNP was determined from the slope of a linear plot of protein concentration versus the observed association constant (k obs ). The k on for the chimera was determined to be 3.20 mM À1 min À1 (Table 1) , which is~2.5 times slower than the rate measured with wtNFeoB. The protein also exhibited a reduced affinity and increased release rate for mant-GMPPNP. Interestingly, under the experimental conditions (see the data in the Supporting Material), the dissociation rate (k off ) of GDP for the chimera was determined to be 16. 150 Ala NFeoB, respectively). We have previously observed a consistent correlation between nucleotide affinity and release rates (e.g., high affinity, slow release), and the uncoupling of this relationship, observed in this study, provides clues to the mechanism of the nucleotide release in GTPases. As observed in our structural analysis, the extension of the a6 helix in the chimera protein generates a shorter G5 loop that is more stable in the nucleotide-coordinating conformation, a conformation retained in both the GDP-bound and the apo states of the protein. Because the nucleotide pocket remains capped, it is likely to be less accessible for nucleotide binding, providing a rationale for its reduced GDP affinity (Fig. 2) and on-rate (Table 1) . Conversely, once bound, the GDP has a significantly reduced release rate (Table 1) due to the reduced mobility of the loop, which is stabilized by electrostatic interactions between residues Ala* 150 and Thr* 151 in the G5 loop and the nucleotide base. This indicates that the G5 loop movement, observed in NFeoB (see Fig. 1 B) in particular, likely plays a significant role in the observed rapid intrinsic GDP release mechanism (12, 15) . Future studies generating a reciprocal chimera, using the Gia1 protein as a scaffold and the FeoB G5 motif insert, could provide further support for these results.
In summary, our combined results support a model where G5 loop movement precedes GDP release, and illustrates that loop movement can act to catalyze both intrinsic and coupled nucleotide release. 
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METHODS
Protein preparation:
The gene encoding the ChiNFeoB protein was generated by substitution of residues 150 to 158 inclusive from the G5 loop and succeeding α-helix in E. coli NFeoB for the equivalent residues (326 to 335) from the eukaryotic GNAi1 (Giα1; Gene ID 2770) using overlapping extension PCR (Fig. 1e) . The construct was cloned into the pGEX-4T-1 vector for expression as a GST fusion protein with thrombin recognition site.
Overexpression was carried out in BL21 (DE3) cells under ampicillin selection (50 µg ml -1 ) in Luria Broth (LB) and purified as previously described for E. coli NFeoB protein (2).
Briefly, cells were incubated at 37 °C until OD 600 reached 0.6, the temperature was reduced (25 
GTPase activity measurements:
The GTP hydrolysis rate for the ChiNFeoB protein was compared with WTNFeoB using a Malachite Green Phosphate Assay (BioAssay Systems). Protein (0. 
Stopped-Flow Fluorescence Assays:
The binding and release rates of fluorescent nucleotides by wtNFeoB and ChiNFeoB were analyzed using stopped flow fluorescence assays. To determine release rates (k off ), protein plate detector. Diffraction data were processed and scaled using HKL2000 (3, 4) . Cell dimensions and data collection statistics are presented in Table S1 . Chain A from the structure of wild type E.coli NFeoB (3HYR residues 1-260) with the G5 motif (150 to 158 inclusive) and water atoms removed and with Se-Met residues replaced by Met was used to solve the molecular replacement solution using Phaser to a resolution of 2.2 Å (5). The resulting model was refined by iterative cycles of amplitude based twin refinement (using twin operators H, K, L and -H, K, -L with estimated twin fractions of 0.502 and 0.498 respectively) within REFMAC (6,7), interspersed with manual inspection and correction against calculated electron density maps using COOT (8). 
